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as a laser resonator, have found a variety 
of applications in spectroscopy,[5] optical 
communications,[6] and sensing.[7–10] DFB 
lasers can provide narrow single mode 
emission (linewidth <1 nm) and require 
only low pump energy for their opera-
tion, i.e., they show a low threshold. The 
resonator is easily integrated into other 
devices, and it can be implemented with 
field-effect-transistor geometry, which 
promises potential for the development 
of electrically pumped TFOLs. Moreover, 
DFB lasers can be mechanically flexible, 
and their production costs are relatively 
low. DFB gratings are usually fabricated by 
electron beam lithography, nanoimprint 
lithography (NIL), or holographic lithog-
raphy (HL).[11] A particular advantage of 
the latter is its capability to produce small 
structures of different dimensionality over 
a large area (up to a few cm2) in a simple 
and low-cost manner, which can be exploited to fabricate wave-
length-tunable devices on a single chip.
So far, different DFB architectures, with gratings fabricated 
by various methods, have been reported,[1–4] whereby efforts 
have been devoted predominantly to lowering the threshold. 
The lowest values (<1 kW cm−2) have been achieved with lasers 
whose DFB gratings are engraved on conventional inorganic 
substrates (e.g., glass or SiO2), onto which the active films 
are deposited (this configuration will henceforth be denoted 
as standard; Std). Other studies, aimed at improving device 
integration, reducing device costs, and achieving mechan-
ical flexibility, have focused either on architectures with grat-
ings imprinted directly on the active film,[12–17] or on systems 
wherein both the active material and the resonator, which is 
generally located below the active film[18–22] and only in few 
cases on top of it,[23,24] were processed from solution. Unfor-
tunately, the thresholds of these solution-processed lasers are 
generally high (>8 kW cm−2), except for few exceptions.[19] 
Finally, several strategies have been proposed in order to accom-
plish wavelength tunability in a single device.[1–4] For example, 
by using multiple gratings (e.g. segmented substrates with a 
stepped grating period),[25] a wedged-shape active film (i.e. with 
a continuously variable thickness),[26] mechanical stretching,[27] 
photoisomerizable azo-polymers,[28] or photochromic molecules 
doped into the active film.[29] Some works have demonstrated 
electrical-tuning by combining an elastic DFB laser with an 
electroactive substrate,[30] or by including a layer contaning a 
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1. Introduction
Thin film organic lasers (TFOLs) have recently received great 
attention.[1–4] Among them, distributed-feedback (DFB) lasers, 
which contain a waveguide active film (AF) and a relief grating 
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nonlinear optical molecule.[31] Unfortunately, the implemen-
tation of most of these tunable devices is often either very 
expensive and/or sophisticated, or might penalize other laser 
parameters. For example, the use of the wedged-shape con-
figuration,[26] imposes a limitation on the threshold, which is 
highly dependent on film thickness, and consequently also on 
the operational durability.
We have recently demonstrated that perylenediimide (PDI) 
and carbon-bridged oligo(p-phenylenevinylene) (COPV) dyes, 
dispersed in thermoplastic polymers such as polystyrene (PS) 
or poly(methylmethacrylate), represent some of the most suc-
cessful dyes used in organic DFB lasers with gratings engraved 
on inorganic substrates.[32–37] Such lasers exhibit very low 
thresholds (e.g., perylene orange (PDI-O):[33] ≈2 kW cm−2; 
COPVs:[35] 0.7 kW cm−2), very long lifetimes (>105 pump 
pulses),[32,35] and emission wavelengths that cover a wide range 
of the visible spectrum (COPVs:[35,37] 380–600 nm; PDIs:[34,38] 
555–630 nm), whereby the specific performance parameters 
depend on the selected COPV or PDI derivative and device 
parameters, such as film thickness and grating period. With 
those dyes in hand, subsequent efforts have been directed at 
resolving the challenge to develop an inexpensive DFB reso-
nator that combines good laser performance characteristics 
with the ability to tune the laser wavelength using a single dye 
in a single device.
Herein, we report solution-processed organic DFB lasers 
with polymeric resonators on top of dye-doped polymer films 
(device type henceforth denoted as RT to account for “resist-
based top-layer resonator”) that exhibit all these desired prop-
erties. The active layer was first made using either PDI-O or 
COPV derivatives (COPVn; n = 3, 4, and 6) dispersed in PS 
matrix using a hydrophobic solvent, followed by the deposition 
of a photoresist layer on top of it using water-soluble dichro-
mated gelatine (DCG). Then, 1D relief gratings were engraved 
by HL over the DCG layer that serves as the resonator. The 
present process allowed us to obtain an active layer with uni-
form thickness across the whole device, which is a consequence 
of the use of materials for the active film and the resonator 
immiscible to each other and implies a more efficient use of 
the gain volume. Another important feature is that the relief 
grating, once the DCG film has been holographically exposed, 
is generated by a dry development process, which is different 
from the wet processing methods used in conventional classic 
holography to obtain volume refractive index patterns. These 
fabrication aspects are important for the successful operation of 
the device. This has previously been established on lasers with 
a top-resonator configuration, whose thresholds were relatively 
large (several tenths to hundreds of kW cm−2) on account of 
fabrication difficulties.[23,24]
The RT-type lasers prepared in this study emit in the 
520–595 nm range and show excellent performance in terms 
of linewidth (<0.13 nm), threshold (≈1 kW cm−2), and opera-
tional lifetime (7 × 105 pump pulses). These parameters are 
comparable to those of Std-type lasers, which is a very remark-
able fact, given that in the present case the resonator consists of 
an organic material. Moreover, the laser slope efficiency (LSE) 
is improved by a factor of ≈3 when the RT instead of the Std 
configuration is used, which should be attributed to the loca-
tion of the resonator on top of the active film instead of below. 
Importantly, the performance of the RT-type devices demon-
strated herein has improved significantly (LSE and threshold 
values are increased 20-fold and decreased sevenfold, respec-
tively) in comparison to lasers with organic resonators, usu-
ally consisting of a resist layer with an engraved grating on its 
surface, located below the active film (device type henceforth 
denoted as RB to account for “resist-based bottom-layer reso-
nator”). Finally, the use of a top-layer resonator configuration, 
combined with a large device size (cm scale), facilitates the 
fabrication of various gratings with different period in a given 
device, which allows tuning the laser wavelength in a broad 
range (≈50 nm), while low threshold levels (<5 kW cm−2) are 
preserved on account of the constant thickness of the active 
film across the device.
2. Results and Discussion
2.1. Device Design
The proposed RT-type DFB scheme contains the following ele-
ments (Figure 1): an AF of uniform thickness (h), deposited 
on top of a flat transparent fused silica (FS) substrate (size: 
2.5 × 2.5 cm2; thickness: 1 mm), and a top-layer resonator con-
sisting of a spin-coated DCG photosensitive resist (R) film, 
with one or several 1D gratings (period: Λ; depth: d; thickness 
of residual layer: t) engraved by HL after deposition. For com-
parative purposes, lasers with two other resonator configu-
rations were prepared (Figure 1, Std and RB), both with the 
active film on top of the DFB grating: the first (Std) contains 
a grating (size: 2 × 2 mm2) on the center of a FS substrate 
engraved by thermal-NIL and ion beam etching; in the second 
one (RB), the grating was engraved by HL over a DCG layer 
deposited on FS.
It should be noted that the resist-based devices prepared 
(RT and RB) show several practical advantages with respect 
to the Std device: (i) the device fabrication is simpler, as ion-
beam etching is not required; (ii) the resonator itself consists 
of a solution-processable organic material; and (iii) the grating 
size can be custom-tailored (mm2–cm2), thus the method is less 
expensive compared to other lithographic methods.
The active films of all prepared DFB lasers consisted of 
spin-coated PS films (passive matrix) containing 1 or 2 wt% 
of a laser dye such as PDI-O, COPV3, COPV4, or COPV6 (see 
chemical structures in Figure 2).
Figure 3 shows an atomic force microscopy (AFM) image of 
one of the RT-type fabricated gratings, particularly the one with 
Λ = 373 nm, d = 90 nm, and t = 0, which shows a clear and 
well-defined structure. The grainy texture of the DCG layer is 
because of randomly distributed fibers (diameter: ≈50 nm)[39] 
formed during the grating fabrication process. These fibers 
determine the resolution limit of the photoresist material and 
thus, on the minimum Λ value that can be fabricated, while 
preserving sufficient grating quality and contrast. For DCG 
and other similar photoresists, this minimum Λ value is 
≈250 nm.[20]
All DFB devices prepared in this work are 1D and operate 
in the second order of diffraction. In a 1D DFB laser, the wave-
length that satisfies the Bragg condition (λBragg) is given by[1–4]
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2Bragg effm nλ = Λ  (1)
where m is the order of diffraction, neff is the effective refrac-
tive index of the waveguide, and Λ is the grating period. Light 
with the resonant wavelength in the cavity, λBragg, is reinforced 
while it propagates along the waveguide, before it is diffracted 
in the grating in different directions. Second-order DFBs (m = 2 
in Equation (1)) are very attractive for certain applications such 
as sensing because light is coupled out of the film mainly in 
a direction perpendicular to the waveguide film by first-order 
diffraction. Moreover, such DFB lasers usually exhibit a single-
mode emission spectrum, which consists of a single peak. It 
should be noted that when the coupled wave theory[40] is applied 
to DFB lasers dominated by index coupling, emission should 
be expected to occur on a pair of wavelengths on either edge 
of a prohibited band centered at λBragg. However, in the case 
of second-order devices, the peak with the lower wavelength 
has a larger threshold due to radiation losses.[41] Accordingly, a 
single-mode emission with the peak of the longer wavelength is 
observed, whereby defects or phase shifts in the nanostructure, 
which are typically used in first-order or 2D devices to obtain 
single mode emission,[42] are not necessary.
Device design, i.e., selection of appropriate geometric para-
meters, to emit at a given wavelength, was done by calculating 
neff for the fundamental transverse electric (TE0) waveguide 
mode traveling in the active film for each of the device types, 
and the corresponding λBragg value via Equation (1).
2.2. Linewidth, Threshold, and Operational Durability 
of the DFB Lasers
The laser spectra of a set of RT-type devices, which expand 
across different spectral regions that depend on the selec-
tion of the laser dye (PDI-O, COPV3, COPV4, or COPV6), are 
shown in Figure 4a. The corresponding devices are labeled 
O(RT), 3(RT), 4(RT), and 6(RT), and their geometric parameters 
are listed in Table 1. In all cases, single-mode emission was 
observed with linewidths (Figure 4b), defined by the full width 
at half maximum (FWHM), <0.13 nm, being this value limited 
by the spectrometer resolution.
A highly remarkable feature of the RT-type DFB lasers 
prepared in this study is their very low thresholds [O(RT): 
≈2 kW cm−2, 20 µJ cm−2 pulse, 0.2 µJ pulse−1; 6(RT): ≈1 kW cm−2, 
10 µJ cm−2 pulse, 0.1 µJ pulse−1] (Figure 4c and Table 1). These 
values are comparable to previously reported values for lasers 
based on the same active materials, but with a Std-type architec-
ture.[33,35,43] Considering the typically lower thresholds obtained 
with Std-type resonators, due to the generally higher grating 
quality and the better optical and mechanical properties of inor-
ganic substrates, this result is highly remarkable. Moreover, in 
comparison to RB-type devices based on DCG resonator mate-
rials,[20,44] the thresholds of the RT-type devices are one order of 
magnitude lower, which should be attributed to the location of 
the resonator on top of the active film. In order to provide addi-
tional insight for the rationalization of the high performance of 
the RT-type lasers, an exhaustive comparison of the other archi-
tectures is included here for devices based on PDI-O. For this 
purpose, we built Std- and RB-type PDI-O devices O(Std) and 
O(RB) (Table 1), with similar geometric parameters and conse-
quently similar emission wavelengths (λDFB). It should be noted 
that the superscripts (II or III) were assigned to the RB-type and 
RT-type devices in order to facilitate comparison and the same 
superscript was used for devices with similar geometric para-
meters. As shown in Table 1, the lasers that are compared, i.e., 
O(RT) and O(RTII) to O(Std), as well as O(RTII) to O(RBII), were 
built with similar parameters and they show similar emission 
wavelengths. These lasers were designed in order to emit as 
close as possible to the wavelength at which amplified sponta-
neous emission (ASE) occurs (λASE), where the gain is maximal. 
The λDFB value can be controlled by a careful selection of the 
grating period (Λ) and the film thickness (h). The separation 
Adv. Optical Mater. 2017, 5, 1700238
Figure 1. Device architectures used to fabricate DFB lasers (from top 
to down): Resist (R) resonator on top of the active film (AF), RT-type; 
Resonator engraved on inorganic substrate (e.g., fused silica, FS) below 
the active film, standard, Std-type; Resist resonator below the active film, 
RB-type; In all cases the resonator is a 1D relief grating with period Λ and 
depth d; t: thickness of the residual layer; h: active film thickness.
www.advancedsciencenews.com
© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1700238 (4 of 9)
www.advopticalmat.de
between λDFB and λASE thereby exerts the dominant influence 
on the threshold.[38] Another important aspect to optimize the 
threshold is to ensure a good confinement of the waveguide 
mode traveling on the active film, which requires h values well 
above the cut-off thickness for the propagation on one mode.[45] 
For active films based on PS, h should be ≈600 nm, which is 
the value chosen for the four devices used in the comparison 
(Table 1). Subsequently, a grating period (Λ = 373 nm) was 
chosen to obtain a λDFB close to that of λASE (579 nm). The thus 
obtained data (Table 1) confirm similar thresholds for O(RT) 
(2.5 kW cm−2) and O(Std) (2.3 kW cm−2). They also indicate 
that the RT-type configuration [O(RTII): 2.7 kW cm−2] leads to 
a threshold value several times lower than that of the RB con-
figuration [O(RBII): 18 kW cm−2]. The better performance of the 
RT-type architecture with respect to the Std one was suggested 
by Zhai et al.,[23] from simulations based on 
the finite element method, although they 
were not able to confirm it experimentally 
because their gratings did not have suffi-
cient quality. In Std-type devices, the optical 
field is partially distributed in the grating 
structure and in the active film, while in the 
RT-type ones it is confined almost completely 
in the active guiding layer. This implies a 
much more efficent use of the active volume 
and better oscillation modes. In addition, the 
Std-type configuration is more sensitive than 
the RT-type one to defects or additional modu-
lation in the grating. If the RB-type configura-
tion is considered, instead of the Std one, the 
differences in performance when comparing 
to the RT-type would be more drastic because 
the refractive index difference between 
the grating and the active film would be 
smaller. Therefore, a lower threshold would 
be expected for the RT architecture, with 
respect to that of Std and RB, with a larger 
different in the latter case. In fact in previous 
studies,[20–44] RB-type lasers showed larger 
thresholds (typically by one order of magni-
tude or more) than Std-type ones, as a result 
of the low refractive index contrast between 
the active film and the resonator layer.
The negative influence of poor confinement of the waveguide 
mode on the threshold is illustrated by the results obtained 
for O(RTIII) and O(RBIII) lasers, whose active films are thinner 
(h ≈ 300 nm), but still emit close to λASE. The decrease in 
h leads to an approximately threefold increase of the threshold 
for RT-type devices [cf. O(RTIII) and O(RT)], and a sevenfold 
increase for RB-type devices [cf. O(RBII) and O(RBIII)] (Table 1). 
The major influence of decreasing h on the latter type of lasers 
was attributed to the adverse effect of the modulation of the 
thickness of the active layer.
The operational durability of the prepared RT-type DFB 
lasers was also explored. They showed performances that are 
only slightly inferior to those of Std-type devices based on the 
same materials. Under ambient conditions and in the absence 
of encapsulation, Std-type DFB lasers based on PDI-O/PS or 
COPV/PS represent some of the most photostable devices 
reported in the context of organic DFB lasers. Under excita-
tion using a pump intensity two times above the threshold, 
DFB half-life values, τ1/2DFB, which are defined as the time (or 
the number of pump pulses) at which the DFB emission has 
decayed to half of its initial value, of 8 × 105 (PDI-O/PS)[33,43] 
and 1 × 106 pump pulses (COPV6/PS)[35] have been reported. 
Under identical pumping conditions, O(RT) and 6(RT) afforded 
τ1/2DFB values of 5 × 105 (PDI-O) and 7 × 105 pump pulses 
(COPV6), i.e., values that are diminished by a factor of merely 
1.5 relative to those of the corresponding Std-type lasers. The 
origin of this slight decrease is not known at the moment. It 
might be due to the different device architecture; or maybe 
because the deposition of the photoresist layer over the active 
film affects its optical properties. Further experiments to clarify 
this are currently being performed, although in any case the 
Adv. Optical Mater. 2017, 5, 1700238
Figure 3. Atomic force microscopy (AFM) image of an RT-type resonator 
with Λ = 373 nm, d = 90 nm, and t = 0.
Figure 2. Chemical structures of laser dyes used to fabricate DFB lasers: perylene orange, 
PDI-O, and carbon-bridged oligo(p-phenylenevinylene) derivatives, COPVn, with n = 3, 4, and 6.
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differences are very small. Note that for active materials which 
are sensitive to oxygen and moisture, one might expect that 
the presence of a top-layer resonator would improve the device 
lifetime because it would provide encapsulation. But the type 
of active films used in this work, e.g., dyes dispersed in passive 
polymers, are very photostable under operation in air without 
Adv. Optical Mater. 2017, 5, 1700238
Table 1. Geometrical and operational parameters of DFB lasers based on resonator types shown in Figure 1 and laser dyes shown in Figure 2. Dye 
concentration in polystyrene matrix is 1 wt% (for PDI-O) and 2 wt% (for COPVs).














O(RT) PDI-O RT 2.4 × 103 373 90 0 605 582.8 2.5
O(RTII) PDI-O RT 2.4 × 103 373 60 60 597 583.5 2.7
O(RTIII) PDI-O RT 2.4 × 103 377 60 60 310 575.9 7.0
O(Std) PDI-O Std 2.4 × 103 376 60 – 600 584.4 2.3
O(RBII) PDI-O RB 2.4 × 103 373 50 80 601 582.6 18
O(RBIII) PDI-O RB 2.4 × 103 377 50 80 315 575.3 130
3(RT) COPV3 RT 1.9 × 103 326 70 40 551 521.4 1.7
4(RT) COPV4 RT 1.1 × 103 351 80 20 630 552.3 4.1
6(RT) COPV6 RT 1.6 × 103 370 65 50 566 581.3 1.0
a)Absorption coefficient at the pump wavelength, 532 nm for PDIO and COPV6 devices and 436 nm for COPV3 and COPV4 devices (error ≈5%).b)Grating period (error is 
±1 nm); c)Grating depth (error ≈ 5%); d)Residual DCG layer thickness (error ≈5%); e)Active film thickness (error is ± 1 nm); f )DFB wavelength (error is ± 0.1 nm); g)DFB 
threshold, determined from output intensity versus incident pump intensity curves, such as the one shown in Figure 4c. Error ≈10%, estimated statistically as the s.d. from 
measurements on several nominally identical samples.



















































































































Figure 4. Laser properties of organic distributed feedback (DFB) lasers with resist resonator on top of the active film (RT-type). a) Spectra of RT-type DFB 
lasers based on active films of PDI-O or COPVn (with n = 3, 4, 6) dispersed in polystyrene, labeled, respectively, as O(RT), 3(RT), 4(RT) and 6(RT). b) DFB 
spectrum for device O(RT) on an expanded scale. c) Linewidth, defined as the full width at half of the maximum (FWHM), and output intensity, both versus 
the incident pump intensity, for devices O(RT) and 6(RT), for DFB threshold determination. d) Total output energy versus incident pump energy, for laser 
slope efficiency (LSE) determination, for device O(RT). Similar results (not shown in the figure) were obtained for device O(RTII). Data for other PDI-O devices 
with different resonator types are included for comparison purposes (O(RB)II and O(Std), with a resist resonator below the active film and with a standard 
resonator, respectively). Geometrical parameters for all devices are listed on Table 1. Sketches of the different device architectures are shown in Figure 1a.
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the need of encapsulation. Therefore, such expectation might 
not be applicable here, which is in fact what the experiments 
indicate.
2.3. Laser Slope Efficiency, Emission Wavelength, 
and Beam Divergence
One parameter that benefits from the grating being located on 
top of the active film is the LSE, which is determined by the 
plot of the total output energy as a function of the pump energy 
(see the Experimental Section for details). Indeed, RT-type DFB 
lasers such as O(RT) and O(RTII) exhibit LSE values that are by 
factors of 3 and 20 higher than those of Std- [O(Std) to be com-
pared to O(RT)] and RB-type lasers [O(RBII) to be compared to 
O(RTII)], respectively (Figure 4d and Table 2). As expected, 6(RT) 
and 3(RT) lasers afford LSE values of 1.5 and 1.4, respectively, 
which are similar to those of the O(RT) device (LSE = 1.4), given 
their identical resonator configuration and similar thresholds. 
The higher efficiency of the RT-type configuration was attrib-
uted to a better diffraction efficiency (η) of the grating to extract 
light from the waveguide. To support this hypothesis, we cal-
culated the parameter γ = π Δn d/λ for various PDI-O-based 
devices (Table 2), wherein Δn refers to the index modulation, 
i.e., the difference between the refractive indexes of the two 
media separating the grating interface, d to the groove depth, 
and λ to the wavelength of the diffracted light (in this case: 
λDFB). The parameter γ represents half of the maximum phase 
difference between rays perpendicular to the grating plane and 
is commonly used in the context of diffracting gratings to char-
acterize their η performance.[46] For the type of gratings used 
in this work, i.e., thin-relief sinusoidal gratings, the condition 
γ << π applies, and η increases with γ, according to: η(i order) = 
Ji
2(2γ), where Ji is the i-order Bessel function. The data shown 
in Table 2 revealed a correlation between LSE and γ, i.e., for 
a given grating, the LSE value increases with γ. This correla-
tion is quantitatively satisfactory with an error below 20% for 
lasers with holographic resonators (the LSE and γ values for 
the RT-type lasers are both ≈22 times larger than the LSE and 
γ values for the RB-type laser). The correlation is not that pre-
cise when compared to the Std configuration (the LSE for the 
RT-type lasers is approximately threefold higher than that for 
the Std laser, while the γ parameter differs by a factor of ≈5), 
which might be a consequence of the different grating profile 
(sinusoidal for the RT-type and square for the Std-types)[47] or 
of the different grating quality. The correlation of higher LSE 
with higher grating efficiency is in agreement with a pre-
vious work about Std-type devices with different modulation 
depths.[48] They found an increase of the slope laser efficiency 
with increasing depth, which was explained by an increased 
output coupling due to higher overlap of the grating and the 
guided light mode. With regards to the thresholds, one would 
expect (for comparable devices) to see a higher threshold as a 
consequence of the higher LSE, because the increase of the out-
coupling losses would lead to a decrease in the net gain and 
therefore to an increase of the threshold. But this expectation 
is not complied when comparing results for RT and RB devices 
[see data in Tables 1 and 2 for devices O(RTII) and O(RBII)]. 
But, it should be remarked that the two architectures RT and 
RB cannot be easily compared for this purpose: in the former, 
the active film thickness is uniform across the device, while in 
the RB-type device, it is modulated; and this feature is expected 
to have an effect on the threshold. Actually, for a proper anal-
ysis of this issue, one should consider devices with the same 
type of architecture and study the effect on the LSE and the 
threshold of varying a given geometrical device parameter 
which allows changing the amount of outcoupled light, while 
preserving the same waveguide properties. In such a system, 
the correlation of higher LSE and higher threshold would most 
likely hold. For that purpose, we prepared some additional 
PDI-O RT-type devices (data not shown in the Tables), all with 
h ≈ 570 nm, no residual layer (t = 0) and different gratings 
depths, d (90, 125 and 185 nm). The devices showed similar 
LSE values (1.3 %), despite their different d, indicating that the 
range of modulation depths explored is too small to see differ-
ences. Their thresholds were also similar (around 2 kW cm–2). 
Further experiments exploring a larger range of modulation 
depths are currently being performed which will hopefully 
lead to a clear understanding of this issue. Interestingly, in the 
Std-type devices prepared by Döring et al,[48] which showed an 
increase of the laser slope efficiency with increasing corruga-
tion depth, no differences in the thresholds were found. This 
was attributed to a certain loss channel associated to imperfec-
tions of the gratings, so internal losses were larger and there-
fore dominant over the outcoupling losses. Finally, with regards 
to the RB-type devices prepared in the present work, whose LSE 
values are much smaller than those of the RB-type ones, their 
thresholds are higher; but this is because their waveguide prop-
agation losses are larger as already discussed in Section 2.2.
Table 2 also includes calculated neff and λBragg values. A com-
parison of the calculated λBragg values, which correspond to the 
forbidden band, to the experimental λDFB values may afford a 
better understanding of the underlying physical mechanisms 
(index coupling and/or gain coupling) involved in the laser 
emission process. In agreement with previous studies on PDI-
O-based Std devices,[38] the laser emission (λDFB) is slightly red-
shifted with respect to λBragg. Data shown in Table 2 show that 
the separation between λDFB and λBragg is slightly larger for the 
RT-type lasers (1.4–1.8 nm) than for RB-type and Std (<1 nm) 
lasers. This can be rationalized by the fact that only index cou-
pling contributes to the laser emission in RT-type devices, given 
the uniform thickness of the active film. On the other hand, 
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Table 2. Additional experimental and theoretical parameters for a selec-
tion of PDI-O based DFB lasers.
Device label Resonator type LSEa)  
[%]
γb) λDFBc)  
[nm]
neffd) λBragge)  
[nm]
O(RT) RT 1.4 0.26 582.8 1.558 581.0
O(RTII) RT 1.3 0.18 583.5 1.561 582.1
O(Std) Std 0.42 0.044 584.4 1.555 584.7
O(RBII) RB 0.061 0.012 582.6 1.560 582.0
a)Experimental laser slope efficiency (error ≈10%); b)Calculated as γ = π Δn d/λ, it 
is a parameter related to i-order grating diffraction efficiency, η (i), according to 
η (i) = Ji2 (2γ), where Ji is the i-order Bessel function; c)DFB wavelength (error is 
± 0.1 nm); d)Calculated effective index for the guiding layer for each device struc-
ture; e)Calculated Bragg wavelength according to λBragg = neff Λ, using experimental 
Λ and calculated neff values.
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in both RB-type and Std devices, index and gain coupling con-
tribute to the laser emission.[38]
For all DFB architectures in this work (RT, RB, and Std), 
similar beam divergence values were observed in directions 
perpendicular (5 × 10−3 rad) and parallel (0.2 rad) to the grating 
lines.
2.4. Color Tunability in a Single Device
A very important characteristic of the RT-type devices proposed 
herein is the possibility to tune their laser emission wavelength 
(λDFB) in a single device, while keeping the threshold value low 
due to the constant thickness of the active film across the whole 
device. This can be achieved by engraving gratings of different 
period in different sections of the top resist layer (Figure 5a), 
which can be easily accomplished by means of HL. Device 
operation is then achieved by focusing the pump beam on dif-
ferent sections of the device.
An RT-type device with a PDI-O/PS active film of uniform 
thickness (h = 560 nm) and six gratings of different period (in 
the range Λ = 356–383 nm), all with d = 90 nm and no residual 
layer (t = 0), engraved on different regions of the top DCG 
layer, afforded a broad tunability range of ≈50 nm (emission: 
550–600 nm) (Figure 5b).
Importantly, the threshold of the device remained below 
5 kW cm−2 for most of the emission wavelength range (Figure 5c). 
The lowest threshold was obtained for λDFB ≈ λASE = 579 nm, 
i.e., for the wavelength with maximum gain. The device with 
Λ = 356 nm (λDFB = 558 nm) also showed a reasonably low 
threshold (16 kW cm−2), which was slightly increased due to self-
absorption. It should be noted that the tunability range reported 
here (50 nm) can be expanded even further, although at the expense 
of the laser threshold. With the emission wavelength deviating 
from λASE = 579 nm, the gain decreases. Moreover, lasers that emit 
at lower wavelengths, face limitations that arise from self-absorp-
tion. Despite these restrictions, a remarkable aspect of the approach 
proposed here is the constant thickness of the active film across the 
device, which ensures a fixed number of waveguide modes, a good 
waveguide mode confinement, as well as a constant film absorp-
tion and photoluminescence (PL) efficiency. All of these parameters 
are crucial for a successful and reproducible performance.
3. Conclusions
The RT-type device proposed herein represents the first example 
for a laser that contains a resonator and an active film consisting 
of solution-processable organic materials and shows an out-
standing performance in terms of threshold, operational dura-
bility, laser slope efficiency, and multi-wavelength emission in 
a single device. Crucial for the successful performance are the 
selection of the device architecture and the use of very efficient 
and photostable active materials. The device architecture is 
based on a top-layer resonator, i.e., a DCG photoresist layer with 
engraved 1D relief gratings, deposited on top of an active film 
composed of PS doped with either PDI-O or a COPV derivative. 
Most remarkably, the deposition of the DCG layer in solution 
does not affect the active film, which should be attributed to the 
immiscibility of the PS matrix (soluble in organic solvents) and 
the DCG film (soluble in water). This feature can be extended 
to other active materials, which are not necessarily restricted 
to organic compounds, as the only requirement is the insolu-
bility in water. In this context, it should be worth pointing out 
that most organic active materials used in organic lasers are 
soluble in organic solvents, but not in water. Another important 
feature is that the relief grating, once the DCG film has been 
holographically exposed, is accomplished by a dry development 
Adv. Optical Mater. 2017, 5, 1700238
















































Figure 5. Color tunability in a single device. a) Sketch of the structure of an 
RT-type DFB laser based on a 560 nm thick PDI-O-doped PS film with six 
different gratings, with periods (Λ) of 356, 363, 371, 374, 377, and 383 nm, 
all with depth d = 90 nm and no residual layer, t = 0. b) DFB spectra and 
c) DFB threshold, obtained from the different sections of the device, versus 
the corresponding emission wavelength. For each curve or data point in 
the figures, the corresponding Λ value (in nm) is indicated next to it.
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under an oxygen plasma stream. This stands in contrast to the 
wet process traditionally used in conventional holography to gen-
erate volume patterns. These fabrication aspects are relevant for 
the successful operation of devices including resist resonators.
The lasers prepared in this study emit in the 520–595 nm 
range, which can be easily extended to other spectral regions 
by selecting other laser dyes and appropriate grating periods. 
Their performance is excellent, considering that the reso-
nator is polymeric. In particular, they show narrow linewidths 
(<0.13 nm), low thresholds (≈1 kW cm−2), and long operational 
lifetimes (7 × 105 pump pulses), similar to those of Std-type 
lasers. An aspect of particular importance is that the LSE of the 
proposed devices is approximately threefold higher than that of 
Std-type lasers. This is due to the location of the resonator on 
top of the active film. Moreover, the improved performance of 
the proposed top-layer resonator devices is even more signifi-
cant when compared to other devices that contain the organic 
resonators below the active film; the latter exhibit 20-fold lower 
LSE and sevenfold higher threshold values.
Finally, the use of a top-layer resonator configuration, com-
bined with the large device size (≈cm), facilitates the fabrication 
of various gratings in a given device, i.e., the laser can emit at 
various wavelengths within a broad range (≈50 nm), while the 
threshold is maintained at a low level (<5 kW cm−2) due to the 
constant thickness of the active film across the device.
Overall, this work paves the way towards the fabrication of 
all-organic thin-film lasers, which can satisfy all the require-
ments for the development of applications: low cost, mechan-
ical flexibility, low threshold, long operational durability, high 
efficiency, and wavelength tunability. Further developments 
will focus on the development of all-organic devices, e.g., by 
the use of a polymeric substrate[21] instead of FS; or of continu-
ously tunable devices, for example by including photochromic 
molecules in the active film,[29] or by adding an additional layer 
with a NLO chromophore.[31] The use of other photoresists, 
particularly with elastic properties, would also be interesting 
for the prospect of an electrically tunable laser.[30] Finally, also 
prospectful will be the use of other high-performing active 
materials, such as neat films of organic semiconductors, in 
which case (or others in which the active material is sensitive 
to oxygen and moisture), the use of the RT configuration might 
indirectly provide an additional function as a cladding protec-
tive layer to avoid photodegradation. From a broader perspec-
tive, this grating configuration and resist material could also 
be used for other nonorganic active laser materials[49] that are 
insoluble in water; or for other optoelectronic devices, such as 
light emitting diodes[50] or solar cells,[51] with the purpose of 
improving their efficiency to extract or collect light.
4. Experimental Section
DFB Resonator and Thin Film Fabrication: Fabrication of RT-type lasers 
consisted of the following steps: (1) Active layer deposition: a PS film 
containing either PDI-O (1 wt%) or a COPV compound (2 wt%) was 
spin coated over a FS substrate from a toluene solution; (2) Photoresist 
deposition: a DCG layer was spin coated over the active layer prepared 
in step 1, from a hot water solution (40 °C) containing ≈4% of DCG; 
(3) Grating recording: a 1D grating, with Λ in the range 326–383 nm, was 
recorded by HL, with light from an Argon laser emitting at 488 nm in a 
simple and stable setup, in which a mirror is attached with a 90° angle to 
the sample holder (a scheme of the setup can be found elsewhere).[52] The 
light intensity pattern between exposed and unexposed areas is translated in 
hardness variations in DCG. After desensitizing in a cool water bath (15 °C), 
a relief grating is obtained by dry development in an oxygen plasma.[53,54]
Resonator fabrication for RB-type lasers was done following the 
same method as for the RT ones, but in this case the DCG layer was 
deposited over a FS substrate and once the relief grating was engraved 
on the resist, the organic active film was deposited on top of it.[20,44]
Gratings for Std-type lasers were prepared by thermal-NIL over a 
thermoplastic resist and transferred, by means of reactive ion etching, to 
FS substrates, as previously described.[9]
Morphological and Optical Characterization: Experimental device 
parameters were determined as follows: the refractive index and 
thickness of the active film and initial DCG layer, from the interference 
pattern of their transmission film spectra,[55,56] obtained in a Jasco 
V-650 spectrophotometer; the grating period, by comparing diffraction 
patterns to those of calibrated reference gratings; the grating depth and 
thickness of the residual layers, from the initial thickness of the DCG 
layer and the selectivity of the development process. The selectivity, 
defined as the ratio of the development rate of nonexposed to the 
exposed areas, increases with the average exposure, reaching a value of 
about 2 for an exposure of 400 mJ cm−2. Grating depths were confirmed 
by AFM with an NT-MDT apparatus, model NTEGRA PRIMA.
Laser characterization was performed under excitation with a 
frequency-doubled Neodimium Yttrium Aluminium Garnet, Nd:YAG, 
laser (10 ns, 10 Hz) emitting at 532 nm, for devices based on PDI-O 
and COPV6, and at the 436 nm light provided by a Raman cell pumped 
with the 532 nm line of the Nd:YAG laser, for those based on COPV3 
and COPV4. The pump beam over the sample was elliptical, with 
a minor axis of 1.1 mm, and incident at a ≈20° angle with respect to 
the perpendicular to the film plane. The emitted light was collected 
in reflectance, perpendicularly to the surface with an Ocean Optics 
USB2000 fiber spectrometer (resolution 1.3 nm) placed at about 1 cm 
from the sample. For spectral shape inspection a MAYA spectrometer 
was used (0.13 nm resolution). The energy of the pulses was varied 
using neutral density filters and the laser threshold was determined as 
the lowest energy at which laser emission occurs. The photostability 
was studied by recording the DFB intensity as a function of time and 
quantified by means of the half-life parameter. LSE measurements were 
performed in a setup slightly modified for increasing the accuracy: A 
45° dichroic mirror was used to direct the pump beam perpendicularly 
to the sample, and to block any of the pump light, before collecting the 
laser emission (from the side of the film which is pumped) with high 
sensitivity energy detectors Ophir PD10-C and PD10-pJ-C (resolutions 
of 1 and 0.01 nJ, respectively). LSE values were obtained by a linear fit of 
the output energy versus the pump energy curves. The beam divergence 
was determined from direct measurements of the far-field pattern in 
directions perpendicular and parallel to the resonator grating lines.
Calculations of Effective Refractive Index: Calculations of the neff 
values, for subsequent determination (through Equation (1)) of λBragg, 
were performed by means of a free-access software program (1D mode 
solver for dielectric multilayer slab waveguides).[57] For RT and RB-type 
devices, the DCG resonator was simulated by two layers, one of uniform 
thickness t and the refractive index of the DCG (see Figure 1a) and the 
other one, of thickness d, and a refractive index equal to the average 
index of the two media at each side of the corrugated surface (air and 
DCG, or DCG and PS, for RT and RB type, devices, respectively). The 
refractive index values used in the calculations (at λ = 580 nm) were: 
1.540, for exposed and developed DCG; 1.592 for dye-doped PS, which 
corresponds to the value of nondoped PS; and 1.459 for FS.
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